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Available online 21 February 2016The novel ﬁber-optic low coherence sensor with thin diamond ﬁlms is demonstrated. The undoped and boron-
doped diamond ﬁlms were elaborated by the use of themicrowave plasma enhanced chemical vapor deposition
(μPE CVD) system. The optical signal from the Fabry–Pérot cavitymadewith the application of those thin ﬁlms is
sensitive to displacement. The sensor characterization was made in the range of 0–600 μm. The measurements
were performed using two superluminescent diodes (SLD) with central wavelengths of 1290 mm and
1550mmand the output signal was analyzed by themeasurement of themodulation change of spectral pattern.
Furthermore, very good coefﬁcient of the determination R2 N 0.9565 and the visibility of optical measured signal
equal to 95.6% were achieved.
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Diamond1. Introduction
Fiber optic interferometric sensors are dedicated to measure the
broad range of physical and biochemical quantities, such as tempera-
ture, and refractive index [1–5]. However, the displacement sensor
gives us the opportunity to measure many quantities, whose changes
can be transferred into the displacement change for example: pressure,
velocity, acceleration and others [6–9].The application of low-coherence
interferometry in ﬁber-optic sensor gives us the possibility to obtain
very high value of resolution and dynamic of measurement as in the
conventional interferometry [10–12]. However, by the use of low-
coherence interferometry, it is possible to obtain sensors, what is the
proof for any changes of the optical signal intensity of themeasured sig-
nal. It is so because in low-coherence sensor the information is encoded
in the changes of the spectrum of measured signal. Fiber-optic interfer-
ometric sensors can be done in many conﬁgurations, however, the ap-
plication of the low-ﬁnesse Fabry–Pérot interferometer in reﬂective
mode was chosen due to the broad range of its good points, including
inter alia: relatively simple conﬁguration, potentially low cost, high res-
olution and low thermal inertia. Furthermore, due to its small size, it is
possible to make nearly point wise temperature measurement. Recent-
ly, optical ﬁber sensors, which make the optic sensors more appealing
than ever, are to be obtained in a simple and inexpensive manner
[13–15]. Furthermore, the metrological parameters of such sensors are
determined by the materials which were used for the construction ofka-Szczerska).
. This is an open access article undertheir elements such asmirrors.Most commonly used, as a reﬂective sur-
face in the Fabry–Pérot interferometers, are silver mirrors. This material
is cheap and sufﬁciently well reﬂecting a light beam, however, it is
chemically unstable and sensitive to mechanical damage. Hence, the
need to implement other materials, such as the reﬂective surfaces in
order to achieve greater resistance to harmful mechanical and chemical
conditions, seems to be of the great range.
In spite of this, in the last years diamond has started to be an attrac-
tive topic in engineers' applications. Different applications of diamond
ﬁlms have been reported so far, e.g., microelectromechanical systems
(MEMS), high power electronics, high-frequency devices, electrochem-
ical sensors or protective coatings for biomedical applications [16].
Thin diamondﬁlms aremainly synthesized usingmicrowave plasma
enhanced chemical vapor deposition (μPE CVD). This technique allows
the manufacture of diamond thin ﬁlms representing such structural
properties as: thickness, grain size, texture, chemical composition, de-
fect concentration and surface morphology. The abovementioned fea-
tures are adjusted by changing the process conditions including
temperature, thickness or doping, along with the selection of the sub-
strate material and, moreover, have a strong impact on fundamental
properties that involve optical, mechanical, electrical and other attri-
butes of diamond ﬁlms [17–20].
Here, the ﬁber-optic displacement sensor with new reﬂective layer
made of silicon protected with thin diamond ﬁlm is described. The
undoped diamond and boron-doped diamond ﬁlms were deposited
on silicon substrate by the use ofmicrowave plasma enhanced chemical
vapor deposition. In the presented displacement sensor, thin diamond
ﬁlms have been used due to their outstanding properties such as: bio-
compatibility, great chemical stability, remarkable hardness, highthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Extrinsic Fabry–Pérot interferometer working in reﬂective mode:M1, M2 — cavity
mirrors, E0 — the amplitude of an electric vector of an incident wave; E1, E2 — the
amplitude of an electric vector of wave reﬂected of the ﬁrst and second mirrors,
respectively.
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struction was thoroughly examined so that the best metrological pa-
rameters can be reached.2. Theory
The developed sensor was designed as an extrinsic Fabry–Pérot
working in the reﬂective mode, as shown in Fig. 1. The cavity mirrors
M1 and M2 use Fresnel reﬂection at the boundary between the single
mode optical ﬁber and the surrounding medium, as well as, the sur-
rounding medium and diamond ﬁlms.
The theory of Fabry–Pérot interferometer has been discussed in the
literature [13–14,21], though without any very important effects. The
analysis of thework of the ﬁber-optic extrinsic Fabry–Pérot interferom-
eter should take into consideration: power loss effect in Fabry–Pérot
cavity caused by light beam divergence, the fact that the coefﬁcient re-
ﬂection of the mirror differentiates from each other and also the multi-
beam interference in Fabry–Pérot cavity. All of those problems affect the
work of the ﬁber-optic Fabry–Pérot interferometer and, therefore, they
are discussed in this section. The Fabry–Pérot cavity is formed by twoFig. 2. Raman spectra of diamond thin ﬁlms: a) uparallel mirrors with reﬂectivity R1 and R2. Amplitudes of waves
reﬂected from mirrors in multi-beam interference with Gaussian
beam expansion-induced power attenuation can be expressed as [13–
14,21]:
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ﬃﬃﬃﬃﬃ
R1
p
E0
E2 ¼
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where: E0 — the amplitude of an electric vector of an incident wave;
E1 — the amplitude of an electric vector of i-incident wave; R1, R2 —
reﬂectivity of the ﬁrst and the second mirror of the interferometer
respectively; α(x) — the attenuation coefﬁcient of optical intensity
of a light beam in the Fabry–Pérot cavity; x — length of the Fabry–
Pérot cavity.
The resultant reﬂected scalar Er wave is given by:
Er ¼ E1 þ E2 þ E3 þ :::::::::::::::: ð2Þ
and when changes the phase of the interfering beam is taken into
consideration:
Er ¼ E1eiδ þ E2e−i2δ þ :::::::: þ Ene−i2Nδ ð2:aÞ
where: δ— phase difference: δ ¼ 4π nxλ , x— length of the Fabry–Pérot
cavity.
Hence, it is possible to get the reﬂected intensity:
Ir ¼ ErEr
  ð3Þ
where: the brackets 〈〉 — denote time averages; the asterisk * — the
complex conjugation.
It is known that when the value of reﬂectivity of interferometer mir-
rors (R1, R2) is small and cavity length x: x 〉〉 λ, then the transfer func-
tion of such interferometer is essentially of a two-beam interferometer
[14]. Taking this into account, amplitudes E1r and E2r of waves reﬂected
from the ﬁrst and the second surface can be written as:
E1r ¼−
ﬃﬃﬃﬃﬃ
R1
p
 E0
E2r ¼ 1−R1ð Þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
α xð ÞR2
p
 E0

: ð4Þndoped diamond, b) boron-doped diamond.
Fig. 3. SEM images of diamond ﬁlms deposited on silicon substrate: a) boron-doped diamond, b) undoped diamond.
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expressed by Eq. (5) as follows:
Ir ¼ Ic 1þ V0  cosδ½  ð5Þ
where: V0 — the visibility of interference fringes, Ic — the static compo-
nent of the optical signal expressed by:
Ic ¼ I0 R1 þ 1−R1ð Þ2  R2α xð Þ
h i
ð6Þ
I0= E02— the intensity of light incident on the ﬁrst boundary surface
of the interferometer.
In this situation V0 visibility of the interference pattern (V0) in the
spectral domain is expressed [15]:
V0 ¼ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
α xð ÞR1R2
p
1−R1ð Þ
R1 þ 1−R1ð Þ2α xð ÞR2
: ð7Þ
In order to attain the best metrological parameters of the interfer-
ometer, the value of the visibility of the measured signal V0 should get
maximum what helps to decrease the required signal to noise ratio of
the detection set-up.
It can be seen that the maximization of the visibility value of the
measured signal V0 can be done by the optimal choice of the Fabry–
Pérot interferometer construction. A very important factor is to chooseFig. 4. The experimental set-up.optical parameters of the material from which the mirrors are made.
Furthermore, one of the critical problems of the Fabry–Pérot construc-
tion is the proper ﬁtting of the geometrical dimension of the cavity as
it inﬂuences the attenuation coefﬁcient and, therefore, the visibility of
the optical signal intensity due to the divergence of a light beam in the
Fabry–Pérot cavity.3. Materials and method
3.1. Nanocrystalline diamond ﬁlm growth
Diamond ﬁlms were synthetized in an MWPACVD system (SEKI
Technotron AX5400S, Japan) on silicon substrates (Si-100). The use of
nanodiamond DMSO/PVA base slurry with crystallites size 4–7 nm.
The substrates were seeded by means of spin-coating: 60 s with
4000 rpm.
Diamond thin ﬁlms were deposited using the microwave plasma
assisted chemical vapor deposition (μPE CVD). The substrate tempera-
ture was approximately at 500 °C and the plasma excitation was
achieved by the microwave radiation (2.45 GHz). The base pressure in-
side the chamber was 10−4 Torr and the process pressure 50 Torr. The
mixture of hydrogen, methane (1%) and diborane: hydrogen mixture
(for boron-doped samples — 5%, for undoped samples — 0%) ﬁlled the
chamber. The doping level of boron in the gas phase was 10,000 ppm.
The growth time was 60 min. Produced diamond ﬁlms have thickness
in the range of 200–300 nm.3.2. Raman spectra of diamond ﬁlms
The chemical composition of the thin diamond ﬁlms was investigat-
ed by Raman spectroscopy, using a confocal Raman microscope. The
system comprised of: an excitation source — 532 nm diode pumped
solid state (DPSS) laser, a 50× magniﬁcation objective (NA = 0.75),
and a 50 μm confocal aperture diode. Spectra were recorded in the
range of 200–3500 cm−1 with measurement integration time of 100 s.
The Raman spectra of diamond ﬁlms deposited on silicon substrates
are shown in Fig. 2. The spectra are typical to microcrystalline diamond
ﬁlms, which is also in good agreement with SEM images below (Fig. 3).
Strong and sharp diamond peaks were observed for 1325 cm−1. The
sharp peak at 520 cm−1 is assigned to silicon substrate.
Moreover, for the samples of doped diamond a band derived from
the boron doping (481 cm−1 and 1231 cm−1) can be observed. The lat-
ter peak is asymmetrical. This phenomenon is attributable to the Fano
effect [22]. It conﬁrms the effective doping of the diamond ﬁlms by
boron atoms.
Fig. 5. The measurement signal from sensors with: a) the boron-doped diamond ﬁlm, b) the undoped diamond ﬁlm, c) the silver layer. During the experiment the light source with the
central wavelength 1290 nmwas used.
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The scanning electronmicroscopewith tungsten source and variable
chamber pressure (VP-SEM) was used to deﬁne the surface of synthe-
sized thin ﬁlms.
Fig. 3 shows SEM micrographs of the diamond morphology on the
silicon substrate. Complete coverage of the surface and the continuity
of the layers can be observed. Decrease of crystallites sizewith the addi-
tion of boron dopant [23] can be observed for silicon substrates.3.4. The ﬁber-optic Fabry–Pérot displacement sensor with thin diamonds
ﬁlms
In order to verify the possibility of using thin diamondﬁlms as amir-
ror of Fabry–Pérot displacement sensor, a few constructions of sensors
were manufactured and tested. The structures consisted of diamond
thin ﬁlms with thickness of 200 nm grown on silicon substrate. Two
kinds of diamond ﬁlms were used: the undoped and boron-doped dia-
mond ﬁlms. The measurement system set-up is shown in Fig. 4.
The setup utilizes superluminescent diode with Gaussian spectral
density (S1300-G-I-20: λ= 1290 nm, ΔλFWHM = 50 nm and S-1550-
G-I-20:λ=1550 nm,ΔλFWHM=45 nm Superlum, Ireland) as a low co-
herence light source, connected to the sensor by a single-mode ﬁber
SMF-28 and an Ando AQ6319 optical spectrum analyzer with resolution
bandwidth set to 1 nm working as the detection setup. The ﬁber-optic
Fabry–Pérot interferometer was formed by the uncoated end surface
of the single-mode ﬁber and mirrors made from thin diamond ﬁlms.
This interferometer was connected to themeasurement system. The re-
sponse signals of the interferometerwith differentmirrorswere record-
ed to choose optimal construction of the sensors to obtain the highestvalue of visibility of the measured signal, deﬁned as:
V ¼ Imax−Imin
Imax þ Imin
ð8Þ
where: Imax — the maximal intensity of the interference fringes, Imin —
the minimal intensity of the interference fringes.
Themeasured spectra of the signal from the Fabry–Pérot interferom-
eter in different conﬁguration are shown in Figs. 5 and 6. In the ﬁrst set-
up, the sourcewith the central wavelength of 1290 nmwas used. In the
second the source with the central wavelength of 1550 nm was used.
For each source three types of mirrorswere investigated: silver— to ob-
tain the reference signal, the undoped and the boron-doped diamond
ﬁlm deposited on the silicon substrate.
Based on the measurement spectra and Eq. (8) it was possible to
achieve the best value of the visibility for each sensor conﬁguration.
According to data in Table 1, it can be observed that the use of
undoped thin ﬁlms deposited on silicon substrate, as reﬂective surfaces,
allows achieving even higher value of visibility aswhen the silvermirror
is used. The value of the visibility of themeasured signal when undoped
diamondﬁlms deposited on silicon substrate are used is smaller, yet still
acceptable and interesting for sensing applications. Boron doping has
the inﬂuence on surfacemorphology and chemical structure aswell op-
tical properties: refractive index, extinction coefﬁcient and absorption
coefﬁcient. Boron concentration has the effect of reduction of crystallite
size.
4. Results and discussion
In the elaborated sensor, the difference between interfering beams
reﬂected from mirrors of the Fabry–Pérot cavity depends on the
Fig. 6. The measurement signal from sensors with: a) the boron-doped diamond ﬁlm, b) the undoped diamond ﬁlm, c) the silver layer. During the experiment the light source with the
central wavelength 1550 nmwas used.
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terfering beams modiﬁes the spectrum of the reﬂected signal I(ν) ac-
cording to the following equation [21,24]:
I νð Þ ¼ S νð ÞR νð Þ ð9Þ
where: S(ν) — the spectral distribution of the light source; R(ν) — re-
ﬂectivity of the Fabry–Pérot sensing interferometer.
The measured signal obtained from sensors in different conﬁgura-
tions is shown in Figs. 7, 8, and 9. Representative spectra measured for
different displacements are presented.
The visibility of the measured signal presented in Figs. 7, 8, and 9 is
good enough to conﬁrm the validity of the designed approach. Compar-
ing the spectra from each ﬁgure a) part measured for the distance
300 μmwith part b) measured for the distance 450 μm it is possible to
note the difference between the distances between maximums in the
measured signal spectra caused by the change in the length of the inter-
ferometer cavity.
The analysis of the obtained spectra was based on the calculation of
spectral separation for eachmeasured displacement, ranging from 50 toTable 1
The visibility of the measured signal in the Fabry–Pérot interferometer.
Mirror material The central
wavelength of
light source:
1290 nm
The central
wavelength of
light source:
1550 nm
Silver 94.3% 94.4%
Undoped diamond ﬁlm on silicon substrate 95.6% 66.9%
Boron-doped diamond ﬁlm on silicon substrate 33.4% 45.8%600 nm. The dependence of the displacement on the spectral separation
is plotted in Fig. 10.
It can be noted that presented results are well characterized by non-
linear dependence of displacement on the spectral separation. The anal-
ysis of the regression of obtained results indicates that it is possible to
estimate a trend line of results. Equations describing trend lines in the
form of exponential curves are presented in Fig. 10.
In order to assess whether the regression model explains the exper-
imental results, coefﬁcient of determination R2 should be calculated. It is
described by following expression:
R2 ¼
XN
i¼1 xp−μ
 	2
XN
i¼1 x−μð Þ
2
;
where xp is the value expected by the regression model, μ is the mean, x
is measured value of spectral separation.
Calculated coefﬁcients of determination were also shown in Fig. 10
and are ranging from 0.9565 to 0.9967. This indicates that regression
model ﬁts almost perfectly to presented results.
Results were compared with results from silver mirror, commonly
used as a reﬂective surface in the Fabry–Pérot interferometers. Charac-
teristics of interferometers using different layers are shown in Fig. 11.
As can be seen in Fig. 11a, in case of measurements with a source
with the central wavelength λ = 1290 nm, undoped and boron-
doped diamond layers provide the similar sensitivity of a sensor as sen-
sor with silver mirror.
In case of measurements with a source with the central wavelength
λ= 1550 nm, boron-doped diamond is the layer that has similar char-
acteristic of the spectral separation of the measured signal vs. the dis-
placement as that for sensor with silver mirror. The characteristic of
Fig. 7. Themeasurement signalwith the centralwavelength 1290nmand theundoped diamondﬁlm. The length of Fabry–Pérot cavity is: a) 300 μm,b) 400 μm. Theundoped diamondﬁlm
was used.
Fig. 8. The measurement signal with the central wavelength 1290 nm and the boron doped diamond ﬁlm. The length of Fabry–Pérot cavity is: a) 300 μm, b) 400 μm.
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ﬁcient sensitivity so it can be utilized in reﬂective layers. The boron-
doped diamond characteristic deviates slightly from silver mirror, but
considering the beneﬁts of using this material in the reﬂective layer
(e.g., resistance to mechanical damage and harmful chemical condi-
tions), the result is satisfactory for sensor applications.
The sensor characterizationwasmade in the distance range extend-
ing from 50 to 600 μmwith resolution equal to 10 μm. The output signal
was analyzed by measurement of the change of the spectral separation
between the maxima in spectral pattern.Fig. 9. The measurement signal with the central wavelength 1550 nm and the boronBearing inmind the obtained results, it can be concluded that the ex-
amination of the diamond ﬁlm, as the mirror in the ﬁber-optic Fabry–
Pérot interferometric displacement sensor, proves its capability of the
distancemeasurement alongwith satisfactorymetrological parameters.
5. Conclusions
This article describes the use of thin diamond ﬁlm as mirror of
Fabry–Pérot displacement sensor. Diamond thin ﬁlms were deposited
using the microwave plasma assisted chemical vapor deposition ondoped diamond ﬁlm. The length of Fabry–Pérot cavity is: a) 350 μm, b) 450 μm.
Fig. 10. The spectral separation of the measured signal vs. the displacement for: a) the undoped diamond and b) the boron-doped diamond ﬁlm, and source with the central wavelength
λ= 1290 nm; c) the undoped diamond and d) the boron-doped diamond, and source with the central wavelength λ= 1550 nm.
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nal on distance changes in the low-coherencemeasurement set-upwith
signal processing in spectral domain was examined. An asymmetricFig. 11. The comparison of characteristics of interferometers using different layers: a) for a
source with the central wavelength λ = 1290 nm; b) for a source with the central
wavelength λ= 1550 nm.conﬁguration of the Fabry–Pérot interferometer working in reﬂective
mode was implemented. Such an interferometer was selected due to
its advantages that include the relatively simple conﬁguration, poten-
tially low manufacturing cost and high resolution of measurement.
Moreover, owing to its small size, it makes it viable to take high spatial
resolution measurements.
The examination of the sensors' metrological parameters proves its
capability tomeasure the distancewith goodmeasurement parameters.
The illustrated preliminary results provide the base for constructing
biophotonic sensors ready for functional applications.
With a possible application of a ﬁber-optic low-coherence Fabry–
Pérot interferometer as a biosensor, the reﬂective surface should be bio-
compatible with the measured sample (e.g., bodily ﬂuids) and provide
great chemical stability.
Prime novelty statement
Fabry–Pérot interferometer in ﬁber-optic conﬁguration is widely
used for sensing application. It can be constructed using various mate-
rials as reﬂective elements, e.g., silver mirrors, zinc oxide layers, and
photonic ﬁbers [1–5]. In this article we describe the ﬁrst application of
thin diamond ﬁlms in a low-coherence ﬁber-optic Fabry–Pérot sensor.
Furthermore, developed sensor was successfully used for displacement
measurements.
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